Breast cancer is the second leading cause of cancer-related death among women in the United States of America. On the basis of gene expression profiles, breast cancer can be classified into four major subgroups: luminal A and luminal B types that express the oestrogen receptor (ER) and progesterone receptor (PR), those that overexpress the human epidermal growth factor receptor 2 (ErbB2/ HER2), and basal-like cancers that express cytokeratins 5/6, 14, 17 and epidermal growth factor receptor (EGFR/ErbB1/HER1) (Perou et al, 2000; Sørlie et al, 2001) . Approximately 15-20% of basal-like cancer cases typically have low expression of ER, PR, and HER2 and are commonly referred to as triple-negative breast cancer (TNBC) (Yehiely et al, 2006; Stevens et al, 2013) . Triple-negative breast cancer are difficult to treat, as they do not respond to hormone and Herceptin therapies and are especially aggressive due to their frequent recurrence and high metastatic potential (Dent et al, 2007; Hurvitz and Finn, 2009 ). In ER þ , PR þ , and HER2 þ breast cancers, alternative survival pathways are commonly seen to be upregulated upon inhibition of these receptors, and acquire resistance to such therapies over time (Pohlmann et al, 2009; Osborne and Schiff, 2011) . Therefore, the identification of common molecular markers in triple-negative and Herceptinresistant breast cancers is necessary to enable the design of effective targeted therapies. Annexin A2 (AnxA2), a calcium-dependent phospholipid-binding protein, exists as a heterotetrameric complex with the plasminogen receptor protein, S100A10 (p11), at the cell surface and has a key role in several membrane-related events, including fibrinolysis, exocytosis and endocytosis, cell-cell adhesion, ion channel conductance, and membrane-cytoskeletal interactions (Ling et al, 2004; Flood and Hajjar, 2011; Valapala and Vishwanatha, 2011; Bharadwaj et al, 2013) . It is aberrantly overexpressed in patients with both invasive ductal mammary carcinoma and ductal carcinoma in situ (DCIS). In contrast, it is undetectable in normal and hyperplastic ductal epithelial cells and ductal complexes, suggesting a pivotal role of AnxA2 in breast tumour malignancy and invasiveness (Sharma et al, 2006) . While the expression of AnxA2 increases with the aggressiveness of breast cancer (Sharma et al, 2006; Shetty et al, 2012) , the surface expression of AnxA2 increases with acute or chronic treatment of Herceptin immunotherapy and chemotherapeutic drugs such as anthracyclines and taxanes (Chuthapisith et al, 2007; Zhang et al, 2009; Shetty et al, 2012) . Previous studies indicate that AnxA2 is a potential therapeutic target to inhibit neoangiogenesis and its dependent tumour growth and metastasis in patients with breast cancer and other malignant diseases (Ling et al, 2004; Zhang et al, 2009; Kesavan et al, 2010; Valapala et al, 2011a) . Treatment with angiostatin inhibits breast tumour growth and lung metastasis formation via its binding to AnxA2, thus inhibiting AnxA2-mediated plasmin generation (Tuszynski et al, 2002; Sharma and Sharma, 2007) . The administration of anti-AnxA2 antibody potentially inhibits the growth of human breast tumour in a xenograft model, suggesting a relevant role of AnxA2 in tumour progression (Sharma et al, 2012) . This effect is associated with a marked reduction in cell proliferation as well as angiogenesis in breast tumour. However, the molecular mechanisms governing the proliferative response to AnxA2 in breast tumour remain to be elucidated.
The cell-surface AnxA2 levels were higher in metastatic breast cancer cells than in non-metastatic cells. However, little is known about the implications of this for breast cancer cell proliferation and migration. In our previous studies, we have demonstrated that treatment with Herceptin leads to overexpression and activation of AnxA2 and EGFR, which further contributes to oncogenesis and Herceptin resistance (Shetty et al, 2012) . In addition, we found an inverse correlation of HER2 and AnxA2 expression in various breast cancer tumours and cell lines. We further extended our studies to triple-negative and Herceptin-resistant breast cancer phenotype, where EGFR expression is upregulated, and validated the importance of AnxA2 in keeping EGFR signalling in an activated state, leading to cancer cell proliferation and migration. The present studies elucidate the role of cell-surface AnxA2 in the regulation of EGFR signalling, and determine whether AnxA2 antibody can inhibit the cell proliferation and migration of triplenegative and Herceptin-resistant breast cancer cells. These studies report a functional association of AnxA2 with EGFR at the cell surface of triple-negative and Herceptin-resistant breast cancer cells. Further, we demonstrate that EGF-induced EGFR dimerisation, and tyrosine phosphorylation and its internalisation, were inhibited with the pretreatment of AnxA2 antibody.
MATERIALS AND METHODS
Cell lines. MCF-7, T47D, MCF-10A, HCC-70, SK-BR-3, and MDA-MB-231 breast cancer cell lines were purchased from the American Type Culture Collection (ATCC) and cultured according to ATCC recommendations. Herceptin-resistant breast cancer cell line JIMT-1 was procured from German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany).
Materials. DMEM, DMEM/F12, epidermal growth factor (EGF), and fetal bovine serum were purchased from GIBCO (Invitrogen, Carlsbad, CA, USA). Antibodies against EGFR, Annexin A2 (H-50), early endosome antigen 1 (EEA1), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA), whereas p-EGFR (Tyr-845), p-EGFR (Tyr-1045), p-EGFR (Tyr-1068), phosphophosphatidylinositol 3-kinase (p-PI3K) p85 (Tyr-458)/p55 (Tyr-199), phospho-Phosphoinositide-dependent kinase-1 (p-PDK1) (Ser-241), p-AKT (Ser-473), AKT, and p-c-Raf (Ser-338) were from Cell Signaling Technology (Danvers, MA, USA). Annexin A2 (clone 5), phospho-Mitogen-activated protein kinase kinase 1/2 (p-MEK1/2) (Ser-218/Ser-222), extracellular signal-regulated protein kinase 1 (ERK1), and p-ERK1/2 (Thr-202/Tyr-204) antibodies were purchased from BD Pharmingen (BD Biosciences, San Jose, CA, USA). LY294002 was purchased from Cayman Chemical (Ann Arbor, MI, USA). Mouse anti-Annexin A2 (D1/274.5) antibody was a kind gift from Dr Tony Hunter, Salk Institute for Biological Studies, La Jolla, CA, USA. All other reagents and chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA). Recombinant c-terminal His-tag EGFR (1-645 amino-acid residues) was purchased from OriGene Technologies (Rockville, MD, USA). ON-TARGET plus non-targeting small-interfering RNA (siRNA), ON-TARGET plus SMART pool EGFR, and tPA siRNA were purchased from GE Healthcare (Dharmacon, Lafayette, CO, USA).
EGFR dimerisation. Cells were grown to 80% confluence in 6-well tissue culture plates. After overnight serum starvation, cells were incubated with heat inactivated (D1/274.5) AnxA2 antibody or AnxA2 antibody (2 mg ml À 1 ) for 2 h followed by EGF (50 ng ml À 1 ) treatment for 20 min. Cells were then washed twice with ice-cold PBS and incubated with PBS containing sulfo-EGS (Ethylene Glycol bis (Sulfosuccinimidylsuccinate)) (5 mM) on ice for 2 h to crosslink EGFR. The crosslinking reaction was terminated by adding Tris (10 mM), followed by washing with PBS, and were lysed in RIPA buffer. The dimerisation of EGFR was detected by western blotting.
Clonogenic assay. In all, 500 cells were plated in 60 mm tissue culture dishes in full serum medium and allowed to adhere. After 12 h of serum starvation, cells were treated with heat inactivated AnxA2 (D1/274.5) antibody or AnxA2 (D1/274.5) antibody (2 mg ml À 1 ) and incubated for an additional 2 h. After antibody incubation, one set of plates was treated with EGF (50 ng ml À 1 ) and a second set of plates was treated with PBS only and incubated for 4 days. Colonies were washed with PBS, fixed with 4% paraformaldehyde, stained with crystal violet and quantified.
Immunofluorescence studies. Cells were grown to 50% confluence on glass coverslips in 12-well plates. The cells were exposed to EGF or FITC labelled EGF (50 ng ml À 1 ). Untreated cells remained as controls. Treated and untreated cells were washed twice with ice-cold PBS, fixed with 4% paraformaldehyde for 30 min, and then permeabilised with 0.1% Triton X-100 for 20 min if required. The slides were then washed with PBS, incubated with 5% goat serum in PBS for 2 h, and then incubated with anti-AnxA2, anti-EEA1, or anti-EGFR antibodies that were diluted 1 : 100 in PBS overnight at 4 1C. After washing with ice-cold PBS three times, the coverslips were incubated with Alexa Fluor 488 goat anti-mouse IgG or Alexa Fluor 594 goat anti-rabbit IgG (Life Technologies, Eugene, OR, USA) that was diluted 1 : 400 in PBS for 2 h at room temperature in darkness. The coverslips were then washed with ice-cold PBS and mounted on glass slides with ProLong Gold anti-fade reagent containing DAPI (1.5 mg ml À 1 ) (Invitrogen Inc., Eugene, OR, USA). The slides were examined using LSM 510 Meta confocal system equipped with an inverted microscope (Axio Observer Z1, Carl Zeiss, Thornwood, NY, USA).
Flow cytometry, immunoprecipitation, western blotting, RNA interference, wound-healing, and cell viability assays. Flow cytometry, immunoprecipitation, western blotting, wound-healing, and cell viability assays were performed as described earlier (Shetty et al, 2012) Statistical analysis. Data are expressed as the mean ± s.e. for each group. Statistical significance was determined by Student's t-test and was set at Po0.05.
RESULTS
Annexin A2 is overexpressed at the surface of triple-negative and Herceptin-resistant breast cancer cells and interacts with EGFR. In our previous studies, we have shown that expression of AnxA2 is inversely correlated with the expression of HER2 in breast cancer clinical samples, as well as in cell lines (Shetty et al, 2012) . Furthermore, siRNA-mediated downregulation of HER2 or Herceptin-mediated inhibition of HER2 function in HER2 þ cells induces AnxA2 expression and its membrane translocation. In the present study, we have examined whether increased expression of AnxA2 in triple-negative and Herceptin-resistant breast cancer cells mobilises it to the outer membrane. First, we compared the cell-surface localisation of AnxA2 in triple-negative and Herceptin-resistant breast cancer cell lines with non-tumourigenic epithelial cells and ER þ , PR þ , and HER2 þ breast cancer cell lines. We used Versene (0.53 mM EDTA in PBS) to wash the cells. Because AnxA2 heterotetramers are Ca 2 þ -dependent phospholipid-binding proteins, the heterotetramer proteins should be stripped from the cell surface by Versene. We collected both total cell lysate and Versene-wash fractions and analysed them with western blotting. The blots presented in Figure 1A show that in triple-negative, as well as in Herceptin-resistant breast cancer cell lines, a large amount of AnxA2 is present in the membrane wash fraction. In ER þ , PR þ , and HER2 þ cell lines, because of low expression, a minimal amount of AnxA2 is present at the cell surface. In non-tumourigenic epithelial cells, even though the expression of cellular AnxA2 is comparable to triple-negative and Herceptin-resistant breast cancer cells, membrane localisation is very low. These results suggest that in triple-negative and Herceptin-resistant breast cancer cells a large amount of AnxA2 is specifically translocated to the outer membrane domain.
Epidermal growth factor receptor and AnxA2 expression at the cell surface is required for tPA-induced activation of ERK1/2 that leads to cell proliferation in pancreatic cancer cells (Ortiz-Zapater et al, 2007) . It is previously known that EGFR is localised in the lipid raft domain, which brings several signalling proteins together and activates the downstream signalling upon ligand stimulation (Yarden and Sliwkowski, 2001; Normanno et al, 2006; Lemmon and Schlessinger, 2010) . Consistent with this, our previous finding also suggests the association of AnxA2 and EGFR in the membrane complex and knock-down of AnxA2 inhibits EGF-induced EGFRmediated downstream signalling (Shetty et al, 2012) . Considering the multiple functions of AnxA2 in tyrosine receptor signalling complexes, we have further performed immunoprecipitation experiments with membrane and cytosolic extracts of both MDA-MB-231 (triple-negative) and JIMT-1 (Herceptin-resistant) breast cancer cell lines, with or without EGF treatment. The results of western blot analysis showed that AnxA2 binds with EGFR in the membrane domain in both cell types ( Figure 1B ). When the immunoprecipitates obtained using EGFR antibodies were probed with AnxA2 antibody, the results ( Figure 1B ) further confirmed binding of EGFR with AnxA2. Together, the results of these experiments indicated that AnxA2 interacts with EGFR in both cell types. Interestingly, this interaction was independent of EGF stimulation, which suggests that AnxA2 is inherently present in the EGFR protein complex. To confirm whether this interaction occurs at extracellular or intracellular, we performed immunofluorescence studies in MDA-MB-231 and JIMT-1 cell lines using C-terminal and N-terminal specific anti-EGFR antibody without permeabilising the cells in the presence or absence of EGF ( Figure 1C ). After confocal microscopic analysis, we found that N-terminal antibody shows the colocalisation of EGFR with AnxA2 (yellow dots) which suggests that extracellular AnxA2 binds to extracellular domain of EGFR ( Figure 1C ). However, we could not observe any signal (red fluorescence) with C-terminal anti-EGFR antibody which suggests that it does not cross the cell membrane. After quantitative analysis, we found 7.6% and 14.2% increased colocalisation of AnxA2 with EGFR at the cell surface upon EGF stimulation in MDA-MB-231 and JIMT-1 cell lines, respectively ( Figure 1C) . Previously, it has been shown in pancreatic cancer cells that AnxA2 interacts with tissue plasminogen activator (tPA) and tPA interacts with EGFR (Ortiz-Zapater et al, 2007) . To rule out the possibility that tPA is not a bridging protein between AnxA2 and EGFR, we performed the pull-down assay using purified C-terminal His-tag EGFR (1-645 amino acids) protein. In this assay, we used equal amount of lysates of control and tPA-depleted JIMT-1 cells (Supplementary Figure S1A) and incubated with His-tagged EGFR protein. The results of the western blot analysis showed that extracellular domain of EGFR binds with AnxA2 of the cell lysates prepared from control and tPA siRNA-transfected JIMT-1 cells ( Figure 1D ). To analyse further these direct interactions, we performed the colocalisation of AnxA2 with EGFR by immunofluorescence microscopy in tPA-depleted JIMT-1 cells. Our results showed that AnxA2 interacts with EGFR at the cell surface of JIMT-1 cells transfected with control or tPA siRNA (Supplementary Figure S1B) . After quantitative analysis, we found 13.9% and 15.0% increased colocalisation of AnxA2 with EGFR at the cell surface upon EGF stimulation in control and tPA siRNAtransfected JIMT-1 cells, respectively (Supplementary Figure S1B) .
AnxA2 antibody inhibits EGF-stimulated cell proliferation and migration. Annexin A2 and EGFR are the most frequently upregulated proteins in triple-negative and Herceptin-resistant breast cancer and have also been shown to correlate with tumour grade, stage, and metastasis (Shetty et al, 2012) . Additionally, the knockdown of AnxA2 inhibits the EGF-induced EGFR phosphorylation and downstream signalling in MDA-MB-231 cells (Shetty et al, 2012) . In our earlier results, we observed that AnxA2 at the cell surface interacts with extracellular domain of EGFR. Therefore, we questioned whether inhibition of cell-surface AnxA2 function by AnxA2 antibody can suppress the EGF-stimulated cell proliferation and migration. Inhibition of EGF-stimulated cell proliferation by AnxA2 antibody was evaluated by MTT and clonogenic assays. Here, heat inactivated AnxA2 (D1/274.5) antibody was used as an immunoglobulin control and their epitope recognition property towards AnxA2 protein was destroyed by heating. As shown in Figure 2A -D, the EGF-induced cell proliferation of MDA-MB-231 and JIMT-1 cells was inhibited in the presence of AnxA2 (D1/274.5) antibody as compared with the control or with treatment with heat inactivated AnxA2 (D1/274.5) antibody. The results of MTT assay showed that preincubation of cells with AnxA2 (D1/274.5) antibody in serum-free medium significantly decreased EGF-induced MDA-MB-231 ( Figure 2A ) and JIMT-1 ( Figure 2B ) cell proliferation by 22% and 30%, respectively. However, no difference in cell proliferation was observed in both cell types after AnxA2 (D1/274.5) antibody incubation in the absence of EGF. The inhibition of EGF-induced cell proliferation by AnxA2 antibody was further confirmed by clonogenic assay, where MDA-MB-231 ( Figure 2C ) and JIMT-1 cells ( Figure 2D ) were preincubated with AnxA2 antibody in a serum-free medium that was supplemented, or not, with EGF. Although EGF strongly promoted cell proliferation of MDA-MB-231 and JIMT-1 cells, this effect was significantly reduced by 130% and 73%, respectively, after AnxA2 antibody treatment. To determine whether AnxA2 antibody inhibits EGF-induced cell proliferation via EGFR, we further performed the MTT assay in JIMT-1 cells with EGFR knockdown. EGF-induced cell proliferation was completely abolished in EGFR-depleted JIMT-1 cells ( Figure 2E ). In addition, preincubation of cells with AnxA2 (D1/274.5) antibody did not affect the EGFinduced cell proliferation of EGFR-depleted JIMT-1 cells compared with control siRNA-transfected cells ( Figure 2E ). Together, these results further suggest that AnxA2 antibody inhibits the EGF-induced cell proliferation of MDA-MB-231 and JIMT-1 cells via EGFR.
We have previously reported that knockdown of AnxA2 inhibits the cell motility and wound closure in metastatic breast cancer cells (Shetty et al, 2012) . To further identify whether blocking cellsurface AnxA2 functions by AnxA2 antibody can inhibit the EGFinduced cell migration in triple-negative and Herceptin-resistant ) for 20 min. Membrane/cytosolic fractions and immunoprecipitation were performed and analysed by western blotting. The purification of the membrane and cytosolic fractions were analysed by blotting with Na þ /K þ ATPase and GAPDH antibody, respectively. Results are representative of two independent experiments. (C) MDA-MB-231 and JIMT-1 cells were stimulated with or without EGF (50 ng ml À 1 ) for 20 min after 12 h serum starvation. The cells were fixed, blocked, and incubated with mouse or rabbit anti-AnxA2 and rabbit C-terminal anti-EGFR or mouse N-terminal anti-EGFR antibody without permeabilisation, followed by anti-mouse or rabbit Alexa 488 and anti-rabbit or mouse Alexa 595 secondary antibody. The slides were examined using LSM 510 Meta confocal microscope system. Yellow dots represent the colocalisation of green and red colors, which indicates that AnxA2 is colocalised with EGFR. The percentage of colocalisation was calculated analyzing a minimum of 10 cells for each treatment randomly taken from three independent experiments. Each bar represents the mean ± s.e. ( **
Po0.01 vs control). (D)
After 72 h of control and tPA siRNA transfection, JIMT-1 cells were lysed (lysis buffer: 10 mM HEPES, pH 7.4, 150 mM NaCl, 10% glycerol and 1% CHAPS {3-[(3-Cholamidopropyl)-dimethylammonio]-1-propanesulfonate}) in the presence of a protease inhibitor mixture (EMD Millipore) and sonicated. The recombinant C-terminal His-tagged EGFR (1-645 amino acids) protein (2.0 mg) was incubated at 37 1C for 2 h with lysates from JIMT-1 cells transfected with control and tPA siRNA and then incubated with TALON superflow metal affinity resin (Clontech, Mountain View, CA). Beads were washed four times with lysis buffer supplemented with 5 mM imidazole and resuspended in SDS-PAGE sample buffer followed by western blot analysis. ) for 2 h, followed by EGF (50 ng ml ) or AnxA2 (D1/274.5) antibody (2 mg ml À 1 ) for 2 h followed by EGF (50 ng ml À 1 ) treatment and incubated for 4 days. After paraformaldehyde fixation and staining with crystal violet (0.05% in PBS), cells were photographed and quantified. Each bar represents the mean±s.e. of three independent experiments. (E) Depletion of EGFR was performed by the ON-TARGET plus SMART pool EGFR siRNA as per the manufacturer's instructions (Thermo Scientific Dharmacon), and control JIMT-1 cells were treated with ON-TARGET plus non-targeting siRNA in a similar way. After 48 h of transfection, the cells were harvested and the expression of EGFR was examined by western blot analysis. After 24 h of control and EGFR siRNA transfection, 1 Â 10 3 JIMT-1 cells per well were plated in 96-well plates in a full serum medium. Next day, cells were serum starved for 12 h and then incubated with heat inactivated AnxA2 (D1/274.5) antibody (2 mg ml breast cancer cells, we performed an in vitro scratch woundresealing assay. After time-lapse imaging, we observed that AnxA2 (D1/274.5) antibody preincubation resulted in 15% and 22% delay in wound closure after 24 h of wound formation in MDA-MB-231 ( Figure 3A ) and JIMT-1 ( Figure 3B ) cells, respectively, as compared with the control and with treatment with heat inactivated AnxA2 (D1/274.5) antibody. However, no difference in wound closure was observed in the absence of EGF with AnxA2 (D1/274.5) antibody pretreatment in both cell types. To assess further the role of EGFR in inhibition of EGF-induced cell migration by AnxA2 antibody, we performed an in vitro woundresealing assay in EGFR-depleted JIMT-1 cells. As shown in Figure 3C , EGF-induced cell migration was completely abolished in EGFR-depleted JIMT-1 cells. In addition to this, preincubation of cells with AnxA2 (D1/274.5) antibody did not affect the EGFinduced wound closer after 24 h of wound formation in EGFRdepleted JIMT-1 cells compared with control siRNA-treated cells ( Figure 3C ). These results indicate that AnxA2 antibody inhibits the EGF-induced cell migration of MDA-MB-231 and JIMT-1 cells via EGFR. Previously, it has been shown that blocking AnxA2 function by AnxA2 antibody inhibits cell migration via tPA (Sharma et al, 2010) . Additional experiments were performed to confirm whether inhibition of EGF-induced cell migration by AnxA2 antibody is dependent or independent of AnxA2-mediated plasmin generation via tPA. We further performed the woundresealing assay in tPA-depleted JIMT-1 cells in the presence or absence of EGF and AnxA2 antibody. Our results clearly showed that depletion of tPA did not affect the EGF-induced cell migration of JIMT-1 cells compared with control siRNA-treated cells (Supplementary Figure S2A and B) . After time-lapse imaging, we found that AnxA2 (D1/274.5) antibody preincubation resulted in 14.4% and 12.3% delay in EGF-induced wound closure after 24 h of wound formation in control and tPA siRNA-treated JIMT-1 (Supplementary Figure S2B) cell-surface AnxA2 in controlling EGFR function in triple-negative and Herceptin-resistant breast cancer cell migration in an EGFdependent manner and this mechanism is independent of plasmin signalling.
AnxA2 antibody inhibits the EGF-induced EGFR homodimerisation and phosphorylation. Epidermal growth factor receptor is composed of an extracellular ligand-binding domain and a cytoplasmic C-terminal tyrosine kinase domain. Binding of ligands, such as EGF, to the extracellular domain of EGFR, induces the formation of homodimers, and leading to the autophosphorylation of tyrosine residues within the receptor's cytoplasmic tail (Yarden and Sliwkowski, 2001; Lemmon and Schlessinger, 2010) . First, we examined the effects of AnxA2 antibody pretreatment on EGF-induced homodimerisation of the EGFR by performing a crosslinking experiment in MDA-MB-231 or JIMT-1 cells. Compared with the respective controls, addition of EGF caused the dimerisation of EGFR in both cell types ( Figure 4A ). However, AnxA2 (D1/274.5) antibody pretreatment hindered the dimerisation of EGFR induced by EGF as compared with EGF alone or EGF with heat inactivated AnxA2 (D1/274.5) antibody pretreatment. To prove that inhibition of EGF-induced EGFR dimerisation was not an antibody-specific phenomenon limited to D1/274.5, we also used different monoclonal and polyclonal AnxA2 antibodies ( Figure 4A ). Our western blot analysis showed similar effects of inhibition of EGF-induced EGFR dimerisation upon pretreatment with AnxA2 antibodies in both cell types, as is the case with AnxA2 (D1/274.5) antibody pretreatment. The EGF-bound EGFR results in activation of tyrosine kinase activity and phosphorylation of multiple intracellular tyrosine residues (Yarden and Sliwkowski, 2001; Normanno et al, 2006; Lemmon and Schlessinger, 2010; Masuda et al, 2012) . Therefore, we further examined the effect of pretreatment with AnxA2 antibodies on EGF-induced phosphorylation of individual EGFR tyrosine residues (Tyr-845, Tyr-1045, and Tyr-1068,) in MDA-MB-231 and JIMT-1 cells. When cells were stimulated with EGF, EGFR was phosphorylated at Tyr-845, Tyr-1045, and Tyr-1068 in both cell types ( Figure 4B and C). However, pretreatment with different AnxA2 antibodies reduced the phosphorylation of EGFR at Tyr-845 in both cell types, while inhibition of EGFR phosphorylation at Tyr-1068 was only observed in JIMT-1 cells ( Figure 4B and C). We did not find any change in phosphorylation of EGFR at Tyr-1045 in both cell types after pretreatment with AnxA2 antibodies (data not shown). However, we observed no change in total EGFR protein level after AnxA2 antibody pretreatment. Pretreatment with heat inactivated AnxA2 (D1/ 274.5) antibody did not affect the phosphorylation of EGFR as compared with EGF alone.
AnxA2 antibody inhibits the EGF-induced EGFR internalisation.
Binding of EGF to EGFR triggers rapid dimerisation and phosphorylation, followed by receptor internalisation and downregulation from the cell surface (Yarden and Sliwkowski, 2001; Normanno et al, 2006; Lemmon and Schlessinger, 2010; Masuda et al, 2012) . To further examine whether AnxA2 antibody treatment also regulates the internalisation of the EGFR-ligand complex, we analysed EGF-induced EGFR internalisation using immunofluorescence microscopy. To check the EGFR internalisation, MDA-MB-231 and JIMT-1 cells were incubated with fluorescently labelled EGF (FITC-EGF) for 20 min after pretreatment with or without heat inactivated AnxA2 (D1/274.5) antibody or AnxA2 (D1/274.5) antibody. After treatment, cells were washed, fixed and immunostained with EEA1 marker to visualise the early endosomes, which is necessary for endosomal trafficking. In both control and heat inactivated AnxA2 antibody pretreated cells, EGF was internalised and showed a similar intracellular distribution, as evidenced by the colocalisation (yellow dots) of EGF with EEA1, while cells pretreated with AnxA2 (D1/274.5) antibody showed significantly less fluorescent EGF and colocalisation with EEA1 in both cell types, suggesting that AnxA2 antibody pretreatment inhibits the EGF-induced EGFR internalisation in MDA-MB-231 ( Figure 5A and B) and JIMT-1 ( Figure 5A and C) cells. To further confirm whether AnxA2 antibody treatment can regulate EGFR internalisation, we also performed flow-cytometry analysis to check the cell-surface expression of EGFR in MDA-MB-231 and JIMT-1 cells. As shown in Figure 5D and E, both control cell types were found to have relatively high amounts of EGFR expressed on the cell surface. Stimulation with EGF ligand in control and heat inactivated AnxA2 (D1/274.5) antibody pretreated cells showed a significant decrease in the levels of EGFR on the cell surface. In cells pretreated with AnxA2 (D1/274.5) antibody, although EGFR levels were reduced as compared with control, ligand stimulation did not significantly affect EGFR surface expression on MDA-MB-231 ( Figure 5D ) and JIMT-1 ( Figure 5E ) cells, indicating inhibition of internalisation.
AnxA2 antibody inhibits the EGF induced AKT pathway.
Binding of EGF to the EGFR results in receptor dimerisation, autophosphorylation, and activation of various downstream signalling molecules including PI3K-PDK1-AKT pathway (Vivanco and Sawyers, 2002; Normanno et al, 2006) , which has a role in its cell proliferation response. We next evaluated whether inhibition of EGF-induced cell proliferation by AnxA2 antibody is associated with reduced downstream kinase activity of AKT pathway. Functional activation of PI3K-PDK1-AKT pathway was evaluated by western blot analysis, using phospho-specific antibodies. As shown in Figure 6A and B, AnxA2 (D1/274.5) antibody pretreatment significantly inhibited the phosphorylation of p85 (Tyr-458) subunit of PI3K and AKT (Ser-473) in both cell types as compared with cells treated with EGF alone or EGF with heat inactivated AnxA2 (D1/274.5) antibody pretreatment. However, the downregulation of phospho-PDK1 (Ser-241) was observed only in JIMT-1 cells after AnxA2 antibody pretreatment. AnxA2 antibody treatment inhibits the phosphorylation of AKT with no effect on total AKT protein levels. To further determine whether EGF-induced phosphorylation of AKT was regulated via PI3K pathway, we examined the effect of the PI3K kinase inhibitor (LY294002) on phosphorylation of PDK1 and AKT in both cell types ( Figure 6C ). The EGF-induced phosphorylation of AKT (Ser-473) was inhibited by LY294002 in both cell types, which was similar to the results observed in AnxA2 antibody pretreated cells. However, consistent with our previous results, we did not observe the inhibition of phospho-PDK1 (Ser-241) in MDA-MB-231 cells, suggesting that AKT phosphorylation is directly regulated by PI3-Kinase activation.
AnxA2 antibody inhibits the EGF-induced ERK pathway.
Ligand binding to EGFR leads to the activation of mitogenactivated protein kinase (MAPK) cascades, which have important roles in the regulation of cell proliferation, survival, and differentiation (Normanno et al, 2006; Roberts and Der, 2007) . The ERK pathway is one of the major signalling cassettes of the MAPK pathways. The ERK is a downstream component of an evolutionarily conserved signalling module that is activated by the Raf serine/threonine kinases. Raf activates the MAPK/ERK kinase (MEK) 1/2 dual-specificity protein kinases, which then activate ERK1/2. Therefore, we hypothesised a role for the Raf-MEK-ERK pathway in the inhibition of EGF-induced cell migration and proliferation in the presence of AnxA2 antibody. Western blot analysis ( Figure 7A and B) showed that preincubation with AnxA2 (D1/274.5) antibody evidently reduced the expression levels of p-cRaf (Ser-338) p-MEK1/2 (Ser-218/Ser-222), and p-ERK1/2 (Tyr-202/Tyr-204) but did not alter the expression levels of total ERK in MDA-MB-231 and JIMT-1 cells compared with EGF alone or EGF and preincubation with heat inactivated AnxA2 (D1/274.5) antibody. Although there is considerable experimental evidence that the Raf-MEK-ERK cascade is a critical mediator of Rasinduced oncogenesis (Roberts and Der, 2007) , previous studies have clearly demonstrated that Ras also utilises additional effectors, including PI3K, to promote tumour proliferation (Yart et al, 2001; Sampaio et al, 2008) . We therefore investigated whether activation of EGF-induced PI3K is associated with the activation of Raf-MEK-ERK signalling pathway. We examined the effect of the PI3K kinase inhibitor (LY294002) on phosphorylation of c-Raf-MEK-ERK pathway in the presence or absence of EGF in JIMT-1 cell lines. Results of these experiments showed that addition of PI3-kinase inhibitor (LY294002) nearly completely blocked the EGFinduced phosphorylation of c-Raf-MEK-ERK kinases ( Figure 7C ). Together, these results suggest that activation of Raf-MEK-ERK kinases is dependent on the activation of PI3K whose activity is regulated by EGFR in MDA-MB-231 and JIMT-1 breast cancer cell lines.
AnxA2 antibody treatment suppressed the proliferation and migration of MDA-MB-231 and JIMT-1 cells by inhibiting EGFR/AKT/ERK signalling pathways in full serum medium. In the above studies, we demonstrated that AnxA2 (D1/274.5) antibody preincubation inhibits EGF-induced EGFR dimerisation, tyrosine phosphorylation, internalisation, and its downstream signalling pathways PI3K-AKT, and Raf-MEK-ERK that leads to inhibition of cancer cell proliferation and migration. We further investigated whether AnxA2 (D1/274.5) antibody treatment inhibits the triple-negative and Herceptin-resistant breast cancer cell proliferation and migration in the basal growth medium in the Figure 8A ) and 22% growth inhibition was observed after AnxA2 (D1/274.5) antibody treatment in JIMT-1 cells ( Figure 8B ). ) for 20 min after AnxA2 antibody pretreatment. The cells were fixed, permeabilised, and incubated with rabbit anti-EEA1 antibody followed by anti-rabbit Alexa 595 secondary antibody. The slides were examined using LSM 510 Meta confocal system. The merged pictures of EGF (green), EEA1 (red) and nucleus (blue) are representative images of three independent experiments. Yellow dots represent the colocalisation of green and red colors, which indicates that EGF is colocalised with EEA1. Quantitative analysis of the percentage of colocalisation of EGF with EEA1 in MDA-MB-231 (B) and JIMT-1 (C) was calculated by analyzing a minimum of 10 cells from each treatment randomly taken from two independent experiments (***Po0.001 vs EGF or EGF þ Heat inactivated AnxA2 antibody pretreatment). Inhibition of EGF-induced internalisation of EGFR at cell surface by AnxA2 antibody was measured by flow cytometry in MDA-MB-231 (D) and JIMT-1 (E) cells. The cells were incubated with or without EGF (50 ng ml À 1 ) for 5 min after 2 h of heat inactivated AnxA2 (D1/274.5) antibody (2 mg ml À 1 ) or AnxA2 (D1/274.5) antibody (2 mg ml À 1 ) pretreatment. After fixation, cells were stained with anti-EGFR antibody without permeabilisation, followed by Alexa fluor 488-conjugated anti-rabbit IgG. After washing, cells were analysed by flow cytometry using the FITC signal detector (FL1) in Beckman Coulter FC500 flow cytometer. The data are plotted for cell numbers vs the intensity of fluorescence. Results are representative of two independent experiments.
The efficacy of AnxA2 (D1/274.5) antibody on inhibition of cell migration was further evaluated in MDA-MB-231 and JIMT-1 cells by scratch wound-healing assay in complete growth medium. Our results showed that migration was slower in both cell types ( Figures  7D and 8C ) after treatment with AnxA2 (D1/274.5) antibody as compared with control or treatment with heat inactivated AnxA2 (D1/274.5) antibody. After AnxA2 (D1/274.5) antibody treatment, B25% and 30% delay in wound closure was observed in MDA-MB-231 and JIMT-1 cells, respectively. To further validate that inhibition of cell proliferation and migration by AnxA2 (D1/274.5) antibody is associated with decreased phosphorylation of EGFR and its associated downstream signalling, we performed western blot analysis after treating the MDA-MB-231 and JIMT-1 cells with AnxA2 antibody in full serum medium at a concentration of 2 mg ml À 1 per day for 4 days. Results presented in Figure 8E -G showed that AnxA2 (D1/274.5) antibody treatment inhibited the phosphorylation of EGFR at Try-845 and Tyr-1068 in both cell types. However, we did not observe any change in total EGFR expression in either cell type. Likewise, we found that treatment of AnxA2 (D1/274.5) antibody also reduced the phosphorylation of PI3K-AKT and Raf-MEK-ERK pathway in both cell types. Together, these results suggest that blocking the cell-surface AnxA2 function by AnxA2 antibody significantly inhibits the cell proliferation and migration via downregulation of EGFR phosphorylation and its associated downstream AKT and ERK signalling pathways. More importantly, these results suggest a role for AnxA2 in the regulation of EGFR-mediated cell proliferation and migration of triple-negative and Herceptin-resistant breast cancer.
DISCUSSION
Although there is overexpression of AnxA2 in breast cancer and it has a significant association with metastatic disease (Sharma et al, 2006; Sharma and Sharma, 2007; triple-negative and Herceptin-resistant breast cancer subtypes. The overexpression of AnxA2 in breast cancer has been shown to be capable of modulating key events in tumour progression; mainly those involving proliferation, adhesion, migration, invasion, angiogenesis, and drug resistance (Ling et al, 2004; Rescher and Gerke, 2004; Sharma and Sharma, 2007; Chuthapisith et al, 2009; Bharadwaj et al, 2013) . In fact, AnxA2 is identified as a potential diagnostic and prognostic biomarker for prediction of tumour malignancy and for metastatic recurrence of breast cancer (Jeon et al, 2013) . The results of the present study provide insight into the mechanisms involved in AnxA2 antibody mediated inhibition of cell proliferation and migration in triple-negative MDA-MB-231 and Herceptin-resistant JIMT-1 breast cancer cells. Previously, we have shown that AnxA2 is selectively overexpressed in TNBC and has an inverse correlation with HER2 expression (Shetty et al, 2012) . Our results further confirmed that in addition to the increased expression at endogenous level, AnxA2 expression at the cell surface is elevated in triple-negative and Herceptin-resistant breast cancer cells, compared with other breast cancer subtypes, including non-tumourigenic epithelial cell lines. Enhanced AnxA2 expression has also been reported in hepatocellular carcinoma, pancreatic ductal adenocarcinoma, high-grade glioma, metastatic renal cell carcinoma, prostate cancer, advanced colorectal carcinoma, and acute promyelocytic leukemia (Vishwanatha et al, 1993; Banerjee et al, 2003; Zhang et al, 2012; Bharadwaj et al, 2013) .
The AnxA2 interacts with receptor tyrosine kinases such as insulin receptor (IR), insulin-like growth factor receptor (IGFR), and EGFR to enhance tumour growth and metastases (Biener et al, 1996; Zhao et al, 2003; Shetty et al, 2012) . Consistent with previous studies, our results confirm that a sub-population of AnxA2 present at the cell surface of triple-negative and Herceptin-resistant breast cancer cells interacts with EGFR. On the basis of the immunofluorescence studies, it appears that a sub-fraction of AnxA2 may go to the cell surface after EGF treatment. This indicates that EGF can affect the localisation of AnxA2 and subsequently increase its ability to bind with EGFR located on the external surface of the membrane. AnxA2 is a major substrate of pp60c-Src kinase and increases the phosphorylation of AnxA2 at Tyr-23, a site known for increasing cell-surface localisation of AnxA2 (Gerke and Moss, 2002) . The EGF-induced cell-surface localisation of AnxA2 is obvious phenomenon as EGF stimulates the pp60c-Src kinase activity via EGFR (Jorissen et al, 2003) . This cell surface localised binding may regulate an AnxA2-dependent EGFR signalling pathway. Consistent with this prediction, our results show that blocking cell-surface AnxA2 function by AnxA2 antibody significantly inhibits the EGF-induced proliferation and migration of triple-negative and Herceptin-resistant breast cancer cells. However, the existing literature also suggest that AnxA2 antibody inhibits cell migration via tPA by blocking plasmin generation (Sharma et al, 2010) . In addition, plasmin is known to be a potent signalling molecule involved in migration, invasion, and angiogenesis process by activating ERK and AKT pathway (Zhang et al, 2007; Sharma et al, 2010) . In contrast, our data indicate a clear role for AnxA2 antibody in inhibition of EGFinduced migration of triple-negative and Herceptin-resistant breast cancer cells in tPA-independent manner as depletion of tPA did not affect the EGF-induced migration of JIMT-1 cells.
Our results strongly suggest that AnxA2 is a limiting factor for EGF-induced dimerisation, tyrosine phosphorylation, and internalisation of EGFR in triple-negative and Herceptin-resistant breast cancer cells. We observed a decrease in EGF-induced EGFR phosphorylation at Tyr-845 and/or Tyr-1068 residue(s) in the presence of AnxA2 antibody, suggesting that AnxA2 regulates the overall function of EGFR, leading to the inhibition of cancer cell proliferation and migration. A plausible explanation for decreased EGF-induced receptor dimerisation and tyrosine phosphorylation could be that addition of AnxA2 (D1/274.5) antibody blocked AnxA2 function, resulting in the inhibition of EGF binding to EGFR and/or recruitment of other proteins which are critical for EGFR function. Since EGFR is a membrane protein and AnxA2 is known to be a lipid raft-associated scaffold protein (Rescher and Gerke, 2004; Valapala and Vishwanatha, 2011) , we postulate that AnxA2 helps in bringing several proteins together to complex with EGFR on the lipid raft, hence activating the downstream signalling upon ligand stimulation. In contrast to our findings, it has been reported that knockdown of AnxA2 in MDA-MB-231 LM2 cells enhanced EGFR signalling via c-Jun N-terminal kinase and AKT downstream pathways and EGF-induced cell migration (de Graauw et al, 2014) . Although the reasons for this dissimilarity are not yet clear, the inconsistency could be caused by differences in the genetic background of the cells. The reasons for this differential effect of AnxA2 in this cell line and MDA-MB-231 and JIMT-1 cell lines used in the present studies should be further investigated.
Addition of exogenous AnxA2 facilitates the growth of multiple myeloma and pancreatic cancer cells in vitro and in vivo by signalling through ERK and AKT pathway (Ortiz-Zapater et al, 2007; D'Souza et al, 2012) . Both ERK and AKT activation have been previously shown to regulate breast cancer cell growth (Hoadley et al, 2007; Eccles, 2011) . AnxA2-mediated tumourigenesis in breast cancer has been primarily suggested through this pathway by modulating the function of tyrosine kinase receptor (Grewal and Enrich, 2009 ). However, our present study demonstrates that addition of AnxA2 antibody significantly inhibits the EGFR-dependent downstream PI3K-AKT and Raf-MEK-ERK pathway under both EGF-induced and basal growth condition in ) or AnxA2 (D1/274.5) antibody (15 mg ml À 1 ) in a full serum medium, and photographs were taken for different time intervals, as indicated. A bar graph showing the percentage wound closure in different time intervals after wound formation. Data were collected from two independent experiments, and the mean±s.e. were calculated (*Po0.05; **Po0.01 vs control or heat inactivated AnxA2 antibody treatment group). (E) Cells were treated with AnxA2 (D1/274.5) antibody (2 mg ml À 1 per day) for 4 days in full serum medium. The cell lysate was analysed by western blotting with indicated antibodies. (F) MDA-MB-231 and (G) JIMT-1 cells, a bar graph showing densitometric analysis of bands of protein used in (E). Data were collected from two independent experiments, and the mean ± s.e. were calculated.
triple-negative and Herceptin-resistant breast cancer cells. It has been shown that ligand activation of EGFR stimulates PI3K activation, which further activates the signalling of PDK1-AKT and Raf-MEK-ERK pathway that regulates cell survival, proliferation, migration, and cellular metabolism in multiple tumour types (King et al, 1997; Yart et al, 2001; Vivanco and Sawyers, 2002; Normanno et al, 2006; Sampaio et al, 2008 ). Our results demonstrate that addition of AnxA2 antibody significantly inhibits the phosphorylation of regulatory subunit of PI3K (p85) on Tyr-458 residue, a site that has previously been reported to track the activation of PI3K (Kim et al, 2006; Warfel et al, 2011) , under both EGFinduced and basal growth conditions. Furthermore, treatment with AnxA2 antibody suppressed the phosphorylation of AKT at Ser-473 in MDA-MB-231 cells and PDK1 and AKT at Ser-241 and Ser-473, respectively, in JIMT-1 cells under both EGF-induced and basal growth conditions. Consistent with this observation, preincubation with PI3K inhibitor did not suppress the EGFinduced PDK1 phosphorylation at Ser-241 residue in MDA-MB-231 cells. These observations suggest that AKT phosphorylation is directly regulated by PI3K activation at the inner surface of cell membrane in TNBC cells (Vivanco and Sawyers, 2002) . Moreover, our results with AnxA2 antibody treatment or with a PI3K inhibitor show that activation of c-Raf-MEK-ERK pathway is significantly inhibited under EGF-induced or basal growth conditions in both cell types. It was previously shown that EGFinduced stimulation of PI3K is involved in the activation of Raf-MEK-ERK via Ras oncogene (King et al, 1997; Yart et al, 2001; Sampaio et al, 2008) . Taken together, these findings strongly suggest that EGF-induced PI3K activation is central to both pathways and that its kinase activity could be attenuated by AnxA2 antibody by modulating EGFR functions in triple-negative and Herceptin-resistant breast cancer.
In conclusion, our results strongly suggest that addition of AnxA2 antibody causes the inhibition of proliferation and migration in triple-negative and Herceptin-resistant breast cancer cells via blocking EGFR functions as presented in the model shown in Figure 9 . Blocking AnxA2 functions at the cell surface by AnxA2 antibody suppressed the tyrosine phosphorylation and internalisation of EGFR by blocking its homodimerisation, leading to the downregulation of ligand mediated EGFR downstream AKT and ERK signalling pathways. Our findings suggest that high expression of cell-surface AnxA2 in triple-negative and Herceptinresistant breast cancer has an important compensatory and regulatory role via the EGFR-mediated oncogenic processes by keeping EGFR signalling events in an activated state. Therefore, AnxA2 could potentially be used as an important therapeutic target in triple-negative and Herceptin-resistant breast cancers. BMC Genomics 8: 
